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BACKGROUND OF THE INVENTION 
Field of the Invention 

[001] The present invention relates to an apparatus for monitoring the 
progress of membrane fouling that occurs on pores as well as on the surface of a 
membrane by means of varaitions of zeta potential (Q of a hollow-fiber membrane 
measured according to time passage of filtration of a suspension, wherein colloid 
particles, biopolymers and other inorganic particles are dispersed, and the method 
thereof. Moreover, the present invention also relates to a method to identify the 
effect of concentration polarization layer and cake layer which can vary according to 
the axial position of a hollow-fiber and the subsequent developing progress of a 
membrane fouling by measuring the position-dependent zeta potential of the hollow- 
fiber membrane. 
Description of the Related Art 

[002] In conventional methods, measurements of streaming potential of a 
membrane have been implemented by employing either a flat-plate type or a tubular 
membrane and the related studies have been largely restricted to charged property 
of membrane surface or electrokinetic phenomena. Therefore, there is a need for 
the development of a technology that can interpret the fouling progress of a given 
membrane via changes in zeta potential according to time passage of filtration as 
well as measurement of streaming potential of a hollow-fiber membrane. 

[003] Zeta potential, being defined based on electrostatic and electrokinetic 
principles, is known to provide useful real-time information on the surface property 
and the interaction between membrane and particles in actual operational situations 



and physicochemical conditions without incurring structural change of membrane or 
disturbance of flow condition. That is, zeta potential can not only provide information 
on electrostatic field when the membrane surface is in contact with a flowing solution 
but can be also an important physical quantity related to a criterion of membrane 
fouling resulted from adsorption or deposition of particles thus determining the 
property and performance of a membrane. 

[004] In the present invention, electrodes were installed both inside and 
outside of an inlet and an outlet of a hollow-fiber membrane, respectively, to 
measure the streaming potential. The difference between streaming potentials 
perceived simultaneously at these electrodes were used to evaluate the value of 
zeta potential. 

[005] The conventional apparatus and methods related to the present 
invention are described hereunder. 

[006] Ricq et al. [Journal of Membrane Science, 1 14(1996), 27-38] studied 
the properties of the initial virgin and the fouled membranes after filtration of a 
tubular inorganic membrane by measuring zeta potential and analyzing permeate 
flux. They installed platinum electrodes such that they penetrated the internal 
channel of a membrane and measured the streaming potential difference and 
permeate flux, however, the membrane used was not a hollow-fiber membrane but a 
tubular membrane and also the measurements were not made at various positions 
but at the inlet. 

[007] Japanese Pat. No. 62-47545 discloses a method to measure 
streaming potential as a way to identify the property of zeta potential inside of a 
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hollow-shaped cylindrical tube. This method relates to the measurement of 
streaming potential of the internal wall of a cylindrical tube, a kind of a pipe, unlike 
the apparatus of the present invention which relates to a hollow-fiber having 
membrane pores. This method enables to measure the zeta potential of the internal 
wall since a given solution can flow through the cyclindrical tube, however, it cannot 
measure the property of membrane pores located on the radial wall of a hollow-fiber 
as shown in the present invention. 

[008] Japanese Published Pat. Appln. No. 1 1-197472 discloses a method to 
analyze fouling in a given separation membrane as a way to identify the fouling of a 
reverse osmosis membrane. This method enables to identify the fouling of a flat- 
plate reverse osmosis membrane by comparing the zeta potentials on membrane 
surface before and after the fouling and also sets up the washing conditions of the 
membrane. However, this method is only related to the application of the result of 
zeta potential to the observation of membrane fouling and is not related to the 
method or the apparatus of measuring streaming potential. The example 2 of the 
present invention also shows that the zeta potential changes according to the 
membrane fouling. 

[009] Szymczyk et al. conducted a study on zeta potential according to the 
change in ionic concentration of electrolytes by installing an Ag/AgCI electrode at 
each given point on both an upper and a lower region of plane inorganic membrane 
[Journal of Membrane Science, 134(1997), 59-66]. 
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[010] Japanese Published Pat. Appln. No. 8-101 158 discloses a method to 
measure streaming potential of porous materials and Japanese Published Pat. 
Appln. No. 10-38836 discloses an apparatus to measure streaming potential. 

[01 1] These methods and apparatus, being designed for porous materials, 
cannot be applied to a hollow-fiber membrane and also cannot be used in measuring 
zeta potentials at local positions. 
SUMMARY OF THE INVENTION 

[012] It is essential to provide fine installments of electrodes which carry out 
measurements of minute streaming potential difference in order to obtain the 
membrane zeta potential. A hollow-fiber membrane is not advantageous in that it 
has a very narrow internal diameter unlike a flat-plate or a tubular membrane, and 
this results in difficulty when installing internal electrodes and also becomes liable to 
damage the hollow-fiber or disturb the liquid flow. Moreover, the cross-flow filtration 
enables to generate a concentration polarization layer as the filtration is run along 
the axial direction and the continued permeation results in change in particle 
concentrations as well as the pressure drop, according to the axial position. 

[013] The present invention installed electrodes both inside and outside of 
an inlet and an outlet of a hollow-fiber membrane, respectively, and also provided a 
device to sense the minute change of streaming potential difference generated by 
the minute pressure difference across the membrane pores. 

[014] The present invention succeeded in monitoring the progress of 
membrane fouling over time by evaluating the zeta potential of a hollow-fiber 
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membrane by continuously measuring the streaming potential in two given positions 
according to time passage of filtration of a given suspension. 
Brief Description of the Drawings 

[015] Fig. 1 is a diagram that shows a concentration polarization layer as 
well as a cake(or gel) layer generated inside a hollow-fiber membrane by cross-flow 
filtration and the resulting difference in local streaming potential. 

[01 6] Fig. 2 is a schematic diagram of the apparatus of the present invention 
that enables to measure the difference in local streaming potential of a hollow-fiber 
membrane by cross-flow filtration. 

[017] Fig. 3 shows an exploded view of a hollow-fiber membrane module 
used in the apparatus of the present invention measuring streaming potential 
difference. 

[018] Fig. 4 is a graph that shows zeta potential at an inlet and an outlet of a 
hollow-fiber membrane measured according to the change of pH under a constant 
ion concentration of a symmetric monovalent electrolyte. 

[019] Fig. 5 is a graph that shows the change in zeta potential at an inlet and 
an outlet of a hollow-fiber membrane measured according to the time passage under 
a constant pH as well as a constant ion concentration of a symmetric monovalent 
electrolyte while performing filtration of a biopolymer protein solution. 

[020] [Code Explanation] 

1 . thermostated feed tank 

2. solvent delivery pump 

3. conductance meter 
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4. pH meter 

5. connecting part of membrane module 

6. main body of membrane module 

7. clamping part of membrane module 

8. internal electrode of a hollow-fiber membrane 

9. external electrode of a hollow-fiber membrane 

10. hollow-fiber membrane 

1 1 . minute flow-control valve 

12. multi-channel digital multi-meter 

13. computer 

14. pressure gauge 

15. pressure gauge connecting aperture 

16. sealing ring 

17. epoxy resin potting 

Detailed Description of the Invention 

[021] The present invention relates to an apparatus and the method of 
measuring local streaming potential for monitoring the progress of membrane fouling 
over time in the course of filtration with hollow-fiber membrane. 

[022] To achieve the above-mentioned goal, the inventors of the present 
invention prepared an apparatus which comprises a feed tank to reserve feed 
solution in a state of colloidal suspension; a membrane module with several hollow- 
fibers as well as a connecting part and electrodes to measure streaming potential; a 
means to deliver feed solution from the feed tank to the inside of the hollow-fiber 
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membranes; a means to measure physical properties of said feed solution; a means 
to measure the transmembrane pressure differences between the inside and the 
outside of a hollow-fiber at both an inlet and an outlet of a membrane module and a 
means to control the transmembrane pressure differences; a means to 
simultaneously measure and record the differences in local streaming potential 
being obtained from the above electrodes; and a means to obtain the value of zeta 
potential (Q of a hollow-fiber membrane by using the physical properties, 
transmembrane pressure difference and the difference in streaming potential. 

[023] This invention will be better understood with the following figures. 

[024] Fig. 1 shows a diagram that depicts a concentration polarization layer 
as well as a cake layer generated inside a hollow-fiber membrane due to cross-flow 
filtration and the resulting local streaming potential difference. 

[025] Fig. 2 is a schematic diagram of the apparatus of the present invention 
that can measure local streaming potential difference of a hollow-fiber membrane 
due to cross-flow filtration. As shown in Fig. 2, the apparatus of measuring 
streaming potential according to the present invention comprises a thermostated 
feed tank 1 to reserve feed solution in a state of colloidal suspension; two means 3 
and 4 to measure physical properties of said feed solution; the body of membrane 
module 6 equipped with electrodes 8 and 9 to measure streaming potential 
difference as well as a hollow-fiber membrane 10; a fine flow-control valve 11 to 
adjust transmembrane pressure difference present between the inside and outside 
of the hollow-fiber 10; a pressure gauge 14 that measures the transmembrane 
pressure difference both at an inlet and an outlet of a membrane module; connecting 
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parts 5 and 7 which are parts of membrane module that link between membrane 
module and flow channel; two means 12 and 13 to display and record data being 
obtained from the above-mentioned measuring means; and a means to calculate the 
value of zeta potential (Q of the hollow-fiber membrane 10. 

[026] Fig. 3 is an exploded view of the connecting part between membrane 
module and the flow channel, which shows a connecting part 15, electrodes 8 and 9 
to measure streaming potential difference, a clamping part 14 of membrane module, 
a sealing ring 16 to prevent fluid leakage at the connecting part, the hollow-fiber 
membrane 10 wherein the actual filtration takes place, a potting region 17 cured by 
epoxy resin to separate the permeate from the feed solution, and the body 6 of 
cylindrical membrane module containing the above-mentioned parts. 

[027] The relative cooperation of the respective parts of the membrane 
module is set forth hereunder. 

[028] An Ag/AgCI (or platinum) wire-type electrode 8 with 0.25 mm in 
diameter, which takes about 6% of the internal cross-sectional area of a hollow-fiber, 
is installed inside the hollow-fiber membrane 10, where the actual filtration of feed 
solution takes place, to allow undisturbed liquid flow while a spiral electrode 9 made 
of the same material is installed on the corresponding external positions of the 
hollow-fiber so that it can sense the minute streaming potential difference according 
to the minute pressure difference. 

[029] The permeation of suspension due to pressure difference results in 
change in ionic fluid flow and charge distribution within a solution in the hollow-fiber 
membrane pores. Therefore, it generates a difference in streaming potential 
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between the upper and the lower regions of membrane pores and the difference can 
be detected by a pair of electrodes consisting of an internal electrode 8 and the 
external electrode 9. The internal electrode 8 is inserted into the inside of the 
hollow-fiber membrane mounted on the cylindrical membrane module by means of 
the clamping part 7 of the membrane module, and the varying values detected in 
each electrode are measured by using multi-channel digital multi-meter 12. 

[030] The method of measuring streaming potential can be further delineated 
as follows. A given solution is supplied from the thermostated feed tank 1 of feed 
solution through the membrane module connecting part 5 to the hollow-fiber 
membrane 10 by means of a solvent delivery pump 2, and subsequently the 
respective conductance and pH are measured by using a conductance meter 3 and 
a pH meter 4. 

[031] Transmembrane pressure can be properly adjusted up to 0.3% of the 
maximum flow rate by using a minute flow-control valve 11 installed at an outlet of a 
concentrate and pressure difference can be measured by using a pressure gauge 
14. 

[032] The streaming potential (A V) generated between the upper and the 
lower regions of membrane pores at a given position of the hollow-fiber membrane is 
measured by using multi-channel digital multi-meter 12 via Ag/AgCI electrodes 8 and 
9 installed inside and outside of the given position, respectively, and recorded in a 
computer 13. 

[033] The zeta potential can be obtained by plugging the values of streaming 
potential A V, generated from a given pressure difference A P, dielectric constant e, 
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conductivity of a solution A, viscosity of a solution n. into the following Helmholtz- 
Smoluchowski equation (I). 

ap xn w 

[034] This invention is explained in more detail based on the following 
examples, however, they should not be construed as limiting the scope of this 
invention. 
Example 1 

[035] A given solution can have various pH values in the course of filtration 
of the hollow-fiber membrane. In measuring zeta potential according to pH change, 
it is usually quite essential to measure an isoelectric point. After installing several 
hollow-fiber ultrafiltration membranes (Model PM100, Internal diameter; 1.0 mm, 
KOCH Membrane System Inc., MA, USA) made of polysulfonate having asymmetric 
membrane pores, pH was modified in the presence of 1.0 mM aqueous solution of 
potassium chloride, a symmetric monovalent electrolyte. Then, streaming potential 
was measured at two different positions, at an inlet and at an outlet of a hollow-fiber 
membrane, under the pressure difference of less than 0.4 kg f /cm 2 across the 
membrane pores. 

[036] The results of the application of the above equation (I) were reliable 
when the zeta potential difference of the membrane was less than 5% between two 
directions, wherein one of the flow directions of permeate was directed outside from 
the inside of the hollow-fiber membrane while the other is directed in the opposite 
way. As the pH increased, according to the results, the zeta potential of a hollow- 



10 



fiber membrane changed from negative to positive and the isoelectric point was 
formed around pH 9.4. 

[037] The absolute value of zeta potential at an outlet of a hollow-fiber 
membrane was lower than that at an inlet and this is ascribed to the fact that the 
permeation of a given solution is continued while the flow of feed solution is directed 
to the axial direction of the hollow-fiber membrane and thus the flow rate becomes to 
decrease as it goes to the outlet and also the amount of the charged ions become 
depleted. The results are shown in the Fig. 4. 
Example 2 

[038] As a way to monitor the change in zeta potential of a given solution 
according to time passage of filtration, wherein particles are suspended in feed 
solution, several hollow-fiber ultrafiltration membranes (Model PM100, Internal 
diameter; 1.0 mm, KOCH Membrane System Inc., MA, USA) made of polysulfonate 
having asymmetric membrane pores were installed on membrane modules. Then, 
an aqueous solution containing a biopolymer of 300 ppm of bovine serum albumin 
(BSA) was filtered and then streaming potential was measured at two different 
positions both at an inlet and at an outlet of a hollow-fiber membrane. The pressure 
difference across the membrane pores was less than 0.2 kg f /cm 2 , the concentration 
of potassium chloride as an electrolyte was 1 .0 mM and the pH of the solution was 
6.0. It is already known that, at pH 6.0, the pores of a hollow-fiber membrane are 
positively charged as in the example 1 while the surface of BSA is negatively 
charged. 
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[039] The Fig. 5 shows the result of filtration progress, which reveals that the 
absolute value of the zeta potential was higher at the inlet than that at the outlet and 
this is consistent with the example 1. The zeta potential changed from positive to 
negative about 20 min after the start of the filtration and this indicates that the 
properties of the charged membrane must have been changed during the filtration 
process due to the adsorption or deposition of BSA particles, which were negatively 
charged at pH 6.0, onto the surface of the membrane. The absolute value of zeta 
potential decreases as the filtration proceeds and even a faster decreasing rate at 
the outlet; this appears to be due to the weakened electrokinetic flow resulted from 
the narrowed membrane pores due to the continued adsorption or deposition of BSA 
particles. 

Comparative Example 1 

[040] The zeta potentials according to filtration progress and the location of a 
membrane were measured by using the apparatus in the example 1 as shown in the 
examples 1 , 2, and Figs. 4 and 5, however, there are no reports on these results in 
the prior art. 

[041] As mentioned above, the present invention provides a novel apparatus 
and a novel method to obtain zeta potential influenced by a concentration 
polarization layer and a cake (or gel) layer which can vary according to the axial 
position in a given hollow-fiber membrane. The ability to obtain the zeta potential in 
the present invention in the course of filtration of a given suspension with a hollow- 
fiber according to time passage can also help to identify the characteristics of 
physicochemical interactions on membrane pores and on membrane surface as well 
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as to monitor the progress of membrane fouling. These are essential in studying the 
downstream for the highly efficient filtration with a hollow-fiber membrane. Further, 
the present invention can also provide critical data that can be used in studying the 
electrokinetic properties, charged characteristics, hydrophilicity and the level of 
substituted functional as well as ionic groups according to modifications. 
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